An experiment examining nutritional effects of dietary corncob particle size was conducted using ruminal-, duodenal-and ileal-cannulated sheep in a 4 X 4 Latin square design. Site of nutrient digestion and digesta flow were the principal criteria evaluated. Analyses of dry matter (DM), N, starch and neutral detergent fiber (NDF) were performed on feed, feces and digesta samples. Chromic oxide-impregnated paper was used as an external marker to estimate digestibilities at different sites along the gastrointestinal tract. Ruminal pH and volatile fatty acid molar proportions were also determined. All diets (74.9% concentrates: 25.1% corncobs) were pelleted and were similar in ingredient composition but varied in corncob particle size (corncob mean particle sizes were 6.5, 5.4, 1.4 or .8 ram). Dietary crude protein levels differed little among treatments. Starch concentration was higher in diets containing the larger corncob particles while NDF, acid detergent fiber (ADF), cellulose and hemicellulose concentrations were lower in diets containing larger particles, suggesting a reaction between starch and fiber moieties during the pelleting process. Starch flow past the duodenum decreased (P<.05) as dietary corncob particle size decreased. Apparent NDF digestion before the duodenum was highest for sheep fed diets containing 1.4-mm corncobs (P<.05). Apparent starch digestion in the small intestine decreased (P<.05) as dietary corncob particle size decreased. A considerable amount of NDF was apparently digested in the small intestine of sheep consuming diets containing 5.4-and .8-mm corncobs. Likewise, a substantial amount of NDF was apparently digested in the large intestine. Few differences in apparent total tract digestibilities were noted. Sheep fed the diet containing 1.4-mm corncobs had a more rapidly increasing ruminal pH over time. The acetate:propionate ratio decreased as dietary corncob particle size decreased. Data indicate that corncob particle size influences events in the digestive tract of sheep without markedly affecting total tract digestion. Also, pelleting diets that contain concentrates and corncobs apparently results in reactions between certain nutrients in the complete diet.
Introduction
Physical characteristics of the roughage component of a ruminant diet are important criteria in the animal's ability to utilize feedstuffs. The particle size of a feedstuff affects surface area available for microbial attack, feed intake and digesta passage along the gastrointestinal tract (Balch, 1950; Baumgardt, 1969; Ehle et al., 1982) . Physical form also affects nutrient utilization by the animal. Pelleting of finely ground feed increases feed intake (Paladines et al., 1964) and shifts a greater proportion of total digestion post-ruminally (Thomson et al., 1972) when compared with nonpelleted, coarsely ground feed. Also, pelleting prevents selectivity by sheep that tend to select the more acceptable dietary ingredients when eating. Feeding pelleted diets that include low quality roughage results in higher and more efficient weight gains (Paladines et al., 1964) and prevents certain metabolic disorders from occurring (Sudweeks et al., 1981) .
The purpose of this experiment was to examine the effect of roughage particle size on site of digestion and flow of certain nutrients along the gastrointestinal tract of sheep.
presented in table 1. Diets were pelleted and balanced to meet National Research Council (NRC, 1975) recommendations for nutrient requirements of early-weaned lambs (10 to 30 kg). Diets were homogeneous in their ingredient composition, with the only variable being the particle size of the corncobs used in each diet. Whole corncobs were initially ground through a hammermill, resulting in large corncob pieces of varying mean particle size. From this large batch, four 500-kg lots were uniformly selected and ground with a hammermill to obtain corncobs with mean particle sizes of 6.5, 5.4, 1.4 and .8 ram. The fines generated as a result of the grinding process were added back to be incorporated into the complete diet. Amount of fines was generally similar among batches due to the lower hammermill speed used for the lower mean particle size cobs. A master batch of all ingredients exclusive of the corncobs was mixed and divided into four equal portions to be mixed subsequently with cobs of specific mean particle sizes. Approximately 1,778 kg of each diet were prepared. After mixing, diets were pelleted using a California Pellet Mill. Rollers in the pellet mill provided the pressure necessary to move the feed through the die. Steam was added to enhance the process. Pellets were .64 cm in diameter and had an average length of 1.91 cm. They retained their stability throughout the experiment. No pellet binder was needed due to the ingredient composition.
In Situ Experiment. To determine rate and extent of corncob dry matter (DM) disappear- 10.10 Ground corncobs 25.10 Cornstarch 10.00 Dehulled soybean meal 9.70 Calcium carbonate .20 Dicalcium phosphate .55 Sodium chloride .50 Urea .55 Molasses 5.00 Vitamins D and E .0055 Trace minerals (Co, Cu, I, Fe, Mn, Se and Zn) .1845
ance of the four corncob batches used in diets, three replications of an in situ experiment with 70-to 90-~tm pore-size Dacron bags (Mehrez and qtrskov, 1977) Ruminal cannulae were made from silicon rubber and had an internal diameter of approximately 2.54 cm. Ruminal cannulae were placed near the top of the dorsal sac. Intestinal cannulae were made from polyvinyl chloride and had an internal diameter of approximately 1 cm. Duodenal cannulae were located approximately 5 cm distal to the pyloric sphincter and ileal cannulae were placed a similar distance anterior to the ileo-cecal junction. Both intestinal cannulae were "T" type. Ruminal and intestinal cannulae were placed in the animals approximately 9 mo before the experiment. Animals were housed in a 3.6 • 3.6 m elevated, wire-mesh pen in a controlled-environment room. A 1-wk period for adapting the animals to the pelleted diets was provided before initiation of the first experimental period. Each experimental period consisted of a 12-d adjustment phase in which animals were gradually adapted to a set level of intake. This was determined as 90% of the lowest ad libitum intake observed in the first period adjustment phase. The adjustment phase was then followed by a 6-d collection phase. On d 1, 3 and 5 of the collection phase, ruminal, duodenal and ileal contents were sampled 2, 6 and 10 h after the morning feeding. On d 2, 4 and 6 of the collection phase, ruminal, duodenal and ileal contents were sampled 4, 8 and 12 h after the morning feeding. Diets were sampled daily at the morning feeding during the collection phase. Approximately 35 ml of digesta from the rumen, duodenum and ileum were collected at each sampling site, simultaneously, and immediately frozen. Ruminal samples were separated according to diet, period, animal and sampling time. Samples were taken from the anterior, middle and posterior regions of the rumen. Duodenal and ileal samples were separated according to diet, period and animal. A total collection of feces was made using fecal collection bags and a 20% aliquot saved and frozen for subsequent analyses. Animals were fed twice daily at 0730 and 1930 h and given ad libitum access to water. Eight grams of chromic oxideimpregnated paper (approximately 1.6 g Cr) were fed daily.
Analytical Procedures. Feeds, ruminal contents, duodenal contents, ileal contents and feces, collected during each period, were ovendried at 55 C to a constant weight and ground through a Wiley mill (2-mm screen). Samples were analyzed for DM and N by standard methods (AOAC, 1975) . Starch was measured according to combined methods of Shetty et al. (1974) and Fleming and Reichert (1980) . Neutral detergent fiber (NDF) content of feeds and duodenal contents was measured using the a-amylase procedure of Robertson and Van Soest (1977) . Ileal contents and feces were essentially devoid of starch so the a-amylase enzyme was not used in the NDF analysis. Acid detergent fiber (ADF), 72% sulfuric acid (by volume) detergent lignin (ADL) and acid detergent insoluble nitrogen (ADIN) in feeds were measured according to Goering and Van Soest (1970) . Cellulose and hemicellulose concentrations of feeds were determined by subtraction of ADL from ADF and ADF from NDF, respectively. Ruminal pH measurements were taken immediately after ruminal sampling using a Beckman Zeromatic IV pH meter. Ruminal pH, measured on samples taken 2, 4, 6, 8, 10 and 12 h after the morning feeding, was plotted and the area between the pH-time curve and below pH 6.0 was integrated by the trapezoidal rule. The resulting unit was expressed as pH6-hours and reported as an index of pH stress . Ruminal volatile fatty acid (VFA) concentrations were measured on samples taken 4 h after the 0730 h feeding. Ruminal samples were stained through four layers of cheesecloth after sampling. The liquid fraction was then prepared for gas chromatographic analysis following the procedure of Erwin et al. (1961) .
Flow values before the duodenum and ileum
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were calculated by dividing the marker dosage per day by the concentration of marker in the digesta. Fecal excretion and marker recoveries were calculated using actual fecal output data. Apparent digestibilities before the duodenum, in the small intestine and irkthe large intestine were calculated by subtracting duodenal flow from intake, ileal from duodenal flow and fecal excretion from ileal flow, respectively. Chromic oxide-impregnated paper was used as the digesta marker and chromium was determined on duodenal, ileal and fecal contents following procedures outlined by Williams et al. (1962) . Flow and digestibility estimates were not corrected for 100% marker recovery because nearly all of the chromic oxide fed was recovered in feces with little difference in marker recovery occurring among treatments. Subsamples of the corncobs were taken from several different areas after corncobs had been ground to mean particle sizes used in the diets. Mean particle size estimates of corncobs used in diets were determined on 250-g samples using a dry-sieving technique (Waldo et al., 1971) .
Screen sizes of 149, 297, 595, 1,190, 2,380 and 4,760 /~m were used in conjunction with a Ro-Tap shaker 2 (Model number Rx-24), which operated for 3 min per sample. Modulus of uniformity and modulus of fineness (ASAE, 1970) were also determined on corncobs used in experimental diets. Modulus of uniformity classifies particles into coarse, medium or fine sizes. Particles collected on screens with mesh designations of 3/8, 4 and 8 are described as coarse. Medium particles are those that pass through the 8-mesh screen but are retained on screens with mesh designations of 14 and 28. Fine particles are too small to be retained on the 28-mesh or larger screens. Calculations are then employed to establish the proportion of different-size particles that a feedstuff contains. Modulus of fineness is calculated following the same procedure; however, a weighted calculation is performed and a single value is assigned to describe particle size of the feedstuff.
Dietary ingredient and chemical composition data were expressed as a percentage. Feed intake and fecal output data were expressed as g/d. Digestibility data at the duodenum and ileum were expressed as a percentage of total digestion (compares nutrient digestibility among diets irrespective of amount of nutrient consumed). Ruminal VFA data were expressed as a molar ratio (mol VFA/100 mol total VFA).
Statistical Analysis. Statistical analysis of data was performed using the General Linear Models Procedure of the Statistical Analysis System (Barr et al., 1976) . Data were analyzed by analysis of variance for a Latin square, with period, animal and treatment as factors (Snedecor and Cochran, 1967) . Differences among treatments were assessed by least significant difference when significant F-values were observed (Carmer and Swanson, 1973) . The pH data at 2, 4, 6, 8, 10 and 12 h after feeding were analyzed using the same statistical methods. The pH6-hours method, described previously, was used to denote differences in ruminal pH among sheep fed experimental diets over time.
Results and Discussion
Composition of Diets. Chemical composition of diets is presented in table 2. Although ingredients were the same in all diets, differences existed in chemical composition of the pelleted mixture. Dietary crude protein levels ranged from 13.0 (.8-mm diet) to 14.6% (6.5-mm diet). Acid detergent insoluble nitrogen concentration was nearly identical among diets with values ranging from . 12 to. 13 %. Dietary starch levels were similar between diets 6.5 and 5.4 mm (48.5 and 47.5%, respectively) and between diets 1.4 and .8 mm (40.8 and 41.9%, respectively). Neutral detergent fiber, ADF and cellulose concentrations increased as corncob particle size decreased. Acid detergent lignin concentrations varied little among diets. The data suggest a possible reaction between the starch and fiber components of diets as mean particle size of corncobs decreased. Given the ingredients present in the complete diet, the maximum NDF content could be only 32 to 34%, yet NDF values for diets 1.4 and .8 mm were approximately 40%.
Corncob fiber composition, physical characteristics and rate and extent of corncob DM disappearance are presented in table 3. Percentage NDF of corncobs used in diets 6.5 and 5.4 mm was similar, as was NDF content of cobs in diets 1.4 and .8 ram. Because percentage NDF of corncobs might be affected by size of particle subjected to fiber analyses (Ehle, 1984b) , a sample of each batch of corncobs, already ground to their respective mean particle size for incorporation into diets, was ground through a Wiley mill (1-mm screen). Neutral detergent fiber content of the ground corncobs was less than that of corncobs not ground through a 1-mm screen. Corncobs used in diets 6.5 and 5.4 mm were slightly higher in ADF than those used in diets 1.4 and .8 ram. Percentage ADL followed a similar trend. Cellulose concentration among differnt corncob batches was similar, with a range of only .8 percentage units. Percentage hemicellulose varied three percentage units among diets, with corncobs used in diets 1.4 and .8 mm having the lowest hemicellulose content. Data indicate that the starch-fiber relationship may be related, in part, to particle size of corncobs in diets because fiber fractions were either similar in composition among corncobs in diets (as for percentage cellulose) or followed a trend opposite that noted in diet composition tables (as for percentage NDF and ADF). Another factor that might contribute to these results relates to the part of the corncob present in a specific size particle. If a corncob particle had certain proportions of fine chaff, woody ring or pith, particles of a given size could vary dramatically in composition when compared with corncob particles of greater or lesser size. Also, fiber moieties present in various parts of the cob could vary in their susceptibility to the conditions of steam and pressure imposed by the pelleting process, resulting in a feedstuff that reacts differently than normal to the traditional nutritive evaluation assays used. Grinding corncobs to various mean particle sizes could also change the specific density of the corncob fraction (Ehle, 1984a) .
Mean particle size estimates for corncobs used in diets are also presented in table 3, as are estimates for modulus of fineness and modulus of uniformity. The greatest decrease in particle size of corncobs used in diets 6.5 through .8 mm occurred between diets 5.4 and 1.4 mm (4.0 mm difference). This aids further in explaining why the starch-fiber relationship was most pronounced between diets 6.5 and 5.4 mm vs diets 1.4 and .8 ram. Modulus of fineness and modulus of uniformity data indicate a gradual decrease in coarseness of corncobs with decreasing particle size. Diets 1.4 and .8 mm differed only slightly in modulus of uniformity. In situ results, presented in table 2, indicated that potentially digestible DM of corncobs ground to small mean particle sizes (1.4 and .8 mm) disappeared faster, and to a greater extent, than corncobs ground to larger mean particle sizes (6.5 and 5.4 mm), ostensibly due to increased surface area available for microbial attack (Ehle et al., 1982) .
Similar starch-fiber responses have been reported previously. Lund and Smoot (1982) found that at least twice the concentration of a-amylase enzyme was needed, as was recommended before complete starch removal in starchy foods occurred. Application of reported procedures for starch digestion to starchy foodstuffs resulted in abnormally high NDF values. A similar phenomenon appeared to occur with the diets used in our study. Surface area of corncobs was much greater for diets 1.4 and .8 mm than for diets 6.5 and 5.4 mm due to size astandard error of the mean. bAs incorporated into diet.
CAfter grinding corncobs through a Wiley mill (l-ram screen). dASAE (1970).
e'f'gMeans in the same row that do not have a common superscript differ (P<.05).
of corncob particles in diets. The greater surface area would ostensibly increase the number of potential binding sites between fiber fractions and any free carbohydrate monomers generated as a result of the pelleting process. For example, if glucose from starch degradation became associated with a fiber moiety, starch content of the diet should decrease while fiber content increased. This appeared to occur in the present study. The reaction between glucose and NDF might occur during the pelleting process and may be related to mean particle size of the corncob fraction of the diets. Intake, Flow and Digestibility Measurements. Data describing feed intake, duodenal and ileal flow, and digestion of DM, starch, N and NDF by sheep fed diets containing corncobs varying in particle size are presented in table 4. Dry matter and N intake were similar among diets. Starch and NDF intakes were similar for sheep fed diets 6.5 and 5.4 mm, with lower (P<.05) intakes for sheep fed diets 1.4 and .8 mm. Differences in NDF and starch intake by sheep consuming diets 6.5 and 5.4 mm compared with diets 1.4 and .8 mm were due to differences in chemical composition of these diets.
Duodenal DM flow decreased as corncob particle size decreased from 6.5 to 1.4 mm, although values for sheep fed diets 6.5 and 5.4 mm were statistically similar (table 4) . This is probably because diets 6.5 and 5.4 mm have more similar mean particle sizes of corncobs than does diet 1.4 mm. The larger particles in diets 6.5 and 5.4 mm would probably require a longer mastication time and a greater quantity of saliva would need to be produced before deglutition of the feed could occur (Jaster and Murphy, 1983) . Also, the larger particles in diets 6.5 and 5.4 mm probably required a longer chewing time (Santini et al., 1983) to reduce digesta particle size so passage out of the rumen could occur. Increased rumination causedby ingesting diets 6.5 and 5.4 mm would result in a greater quantity of saliva flowing into the rumen which, in turn, could promote a faster rate at which digesta passes from the rumen. The expected slower dilution rate for sheep fed diet 1.4 mm would result in digesta remaining in the" rumen for a longer period of time than would occur for sheep fed diets 6.5 and 5.4 mm, thus allowing more ruminal digestion to occur. Diet .8 mm, with the highest duodenal DM flow, has such a small mean particle size that passage out of the rumen would occur quickly, with little rumination needed for particle size reduction (Poppi et al., 1980) . This would explain the apparent DM digestibility values before the duodenum of sheep consuming this diet.
The decrease in starch flow and subsequent increase in starch digestion as particle size of corncobs in the diet decreased could be due to reduction of rumination by sheep ingesting smaller particles (Sudweeks et aI., 1981) . This would decrease amount of saliva and buffer entering the rumen (Bartley, 1976) . As ruminal buffering capacity decreased due to decreased rumination, the ruminal environment would be more conducive to starch digestion (Galyean et al., 1979) . Duodenal flow of NDF was similar for sheep fed diets 6.5 through 1.4 mm and greatest for those fed diet .8 mm. The high duodenal NDF flow of sheep consuming diet .8 mm could be due to their high NDF intake compared with diets 1.5 and 5.4 mm, coupled with the possibility of faster digesta passage rate from the rumen due to reasons previously cited.
Ileal DM, starch, N and NDF flow was generally unaffected by particle size of the roughage component of the diet.
Differences in apparent DM digestion before the duodenum of sheep fed these diets is due primarily to differences that occurred among diets in apparent NDF digestion before the duodenum. While statistical differences were noted among diets 6.5, 5.4 and .8 mm, the range in apparent DM digestibility values among these diets is so small that little biological significance is assumed. The greater apparent DM digestibility by sheep fed diet 1.4 mm compared with sheep fed the remaining diets was due to the increase in NDF digestion. The increase in apparent starch digestion before the duodenum as dietary corncob particle size decreased could be due to a reduction in rumination activity, as cited earlier when discussing duodenal flow values.
Even though sheep fed diet .8 mm consumed over 100 g/d more NDF than did those fed diet 6.5 and 5.4 mm, NDF digestion before the duodenum was similar among these diets. This was due to the greater percentage of apparent NDF digestion occurring before the duodenum of sheep fed diet 1.4 ram, and is probably due to reasons discussed previously concerning duodenal flow. Lower ruminal NDF digestion by sheep fed diets 6.5, 5.4 and .8 mm could also be due, in part, to lower ruminal pH caused by the concentrate portion of the diet. These results corroborate Rumsey et al. (1970) and Mertens (1979) : Apparent DM digestion in the small intestine was greatest for sheep fed diets 5.4 and .8 mm. Apparent starch digestion in the small intestine is dependent on the amount of dietary starch consumed, because very little escapes the small intestine. Apparent N digestion in the small intestine was similar among diets, but there was a trend towards increased N digestion as corncob particle size decreased. The greatest amount of N absorption by the animal occurred in the small intestine, regardless of diet fed.
Amount of NDF digested in the small intestine appears abnormally high for sheep fed diets 5.4 and .8 mm. However, it has been shown that certain fiber fractions are digested to some extent in the small intestine. Tasman-Jones and Holloway (1983) reported recovering only 20% of the dietary hemicellulose at the ileum of humans. Sandberg et al. (1981) also found as little as 65% of the ingested hemicellulose recovered at the ileum of humans. Fiber digestion in the small intestine is dependent upon type, amount and structure of fiber present, and occurs to the greatest extent within the ileum due to its more extensive bacterial population, as compared with that of the duodenum or jejunum (Nicoletti et al., 1984) . It has also been reported (Brauer et al., 1981 ) that significant contamination of NDF residues by N can occur. If this N is then digested in the small intestine, it would appear as NDF digestion occurring at this site. Also, Lund and Smoot (1982) noted that certain dietary phenolics can form polyphenolic oxidation products, resulting in insoluble complexes with protein that could contribute to high NDF values at the duodenum. Again, this would elevate the NDF concentration at the duodenum and, because approximately 90% of total N digestion occurred in the small intestine, much less interference of N with NDF analyses would occur in ileal contents. It has also been postulated by Barton et al. (1976) that if the NDF component were changed by the action of ruminal microorganisms, enzymes or digestion time, an NDF fraction more susceptible to extraction reagents might result, thus increasing amount of material removed by the reagents. One could then expect high apparent digestibility coefficients, and this, in fact, seemed to be occurring to the NDF fraction as it passed through the small intestine of sheep in our study.
Apparent DM digestion in the large intestine was similar among diets. Very little starch or N digestion occurred in the large intestine and no treatment differences existed. Neutral detergent fiber digestion in the large intestine was variable but data indicated that appreciable quantities of NDF were fermented in this portion of the gastrointestinal tract of sheep, probably due to the very low ruminal pH inhibiting NDF digestion.
Fecal DM excretion was highest for sheep fed the two diets containing the smallest corncob particles. The primary factor affecting DM excretion was NDF excretion which, in turn, appeared to be a function of NDF consumed by sheep fed these diets. No significant quantity of starch was recovered in feces of sheep fed these diets.
Apparent total tract DM, starch and NDF digestibilities varied little among diets. Apparent N digestibility was similar (P>.05) for sheep fed diets 6.5, 5.4 and .8 mm and lowest (P<.05) for sheep fed diet 1.4 mm. Although statistically significant differences occurred in apparent N digestibility among treatments, daily N excreted was very similar for all diets and probably represents a rather constant excretion of endogenous N. Chromium recoveries ranged from 96 (diet 1.4 mm) to 101% (diet 6.5 mm).
Ruminal Measurements. Ruminal pH, taken over time, of sheep fed pelleted diets is presented in table 5. Ruminal pH values were similar (P>.05) among diets at 2, 4, 8 and 12 h after feeding. Sheep fed diet 1.4 mm had the most rapidly increasing ruminal pH over time. The ruminal environment of sheep fed diet 1.4 mm spent 1 h less time below pH 6 over a 12-h period compared with that of sheep fed other diets.
Molar proportions of ruminal acetate, propionate and butyrate are also presented in table 5. Molar proportion acetate decreased, while molar proportion propionate increased, as corncob particle size decreased. Molar proportion butyric acid was highest for sheep fed diet .8 mm and lowest for sheep fed diet 5.4 mm (P<.05). The extremely low ruminal pH values 2 and 4 h after feeding are probably a result of rapid consumption of diets. After diets were fed, sheep usually consumed their allotted feed in 10 rain or less. Mackie et al. (1978) suggested that the time and extent to which ruminal pH remained below 6.0 was an important determinant of b'c'dMeans in the same row that do not have a common superscript differ (P<.05).
eVFA samples taken 4 h after feeding.
bacterial growth rate. Lower pH cyclicity could also explain why sheep fed diet 1.4 mm had the highest ruminal NDF digestion (Kaufmann, 1976; Mertens, 1979) . Because cellulase is sensitive to acidity (Stewart, 1977) , it is suggested that the primary mechanism for the in vivo depression in ruminal NDF digestibility noted in our experiment is associated with the high starch concentration of diets, reducing cellulolytic activity due to acidic conditions resulting from rapid starch fermentation. This also agrees with the research of Hiltner and Dehority (1983) . Dietary corncobs with a larger particle size may stimulate salivation and result in greater buffering capacity of the rumen, resulting in VFA data that are characteristic of sheep fed diets varying in roughage level.
